Abstract: The autogenic cardiomyocytes transplantation presents numerous challenges in clinical application, such as the difficulty to obtain the autogenic cells, etc. Therefore, it is necessary to investigate allogenic or xenogenic cardiomyocytes transplantation. In this study, the experimental rabbits with acute infarcted myocardium were randomly divided into 3 groups: the 7-day cultured cardiomyocytes group, the 2-day cultured cardiomyocytes group and the control group. Neonate rat cardiomyocytes were labeled by DAPI and then injected into the acute infarcted myocardium of rabbits. After transplantation, results showed that, compared to the control group, the survival number of grafted cardiomyocytes in the cultured group is significantly larger (P < 0.05), with the implanted cardiomyocytes parallel to the host myocardium in an aligning direction. However, compared to the control group, the ventricular wall of the two experimental groups is thicker and the condition of myocardial fibrosis is better, especially to 7-day cultured cardiomyocytes group. These results suggested that the transplantation of xenogenic cardiomyocytes into curing acute ischemic heart of animal model is possible.
Introduction
Cardiomyocyte is the fundamental structure and functional unit of heart. It is well known that the cardiomyocytes of adult mammalians lose their ability of proliferation and differentiation (Anversa et al. 2002) . As a result, when cardiomyocytes were damaged irreversibly, they were replaced gradually by fibrous connective tissue, which develops into congestive cardiac failure in the end. Therefore, the mortality rate of such disease is very high.
Cardiomyocytes transplantation technology has been used for long time. Cardiomyocytes in vitro or isolated from stem cells can be transplanted into the myocardium of patients and be induced to become mature, and the function of the patient's heart could be restored. Most studies on cardiomyocytes transplantation focused on autogenic cardiomyocytes transplantation. These cells for transplantation are autogenic bone marrow stem cells, autogenic muscle satellite cells, autogenic fibroblasts and autogenic smooth muscle cells, etc. (Orlic et al. 2001; Strauer et al. 2002) . For clinical application, there are many problems such as the difficulty of derivation of these cells and the low efficiency in obtaining the cells. The most serious problem is the differentiation, including the capacity and extent of differentiation, manipulation of differentiation, long-term survival, and differentiation after these cells are transplanted into myocardial scar area. All of these problems greatly limited the clinical application of autogenic cardiomyocytes transplantation. Contrast to autogenic cardiomyocytes transplantation, researchers recently explored allogenic cardiomyocytes transplantation in order to find out other way for successful cardiomyocytes transplantation (Lin et al. 2005) .
In the present study, we isolated and cultured Sprague-Dawley (SD) rat cardiomyocytes, and transplanted these cells directly into the acute myocardial infarct area of adult rabbits. We aimed to explore the potency of xenogenic cardiomyocytes transplantation in the curing acute myocardial infarction, and to evaluate a new and sufficient cell source for the cardiomyocyte transplantation. Our present study would present the experimental evidence of xenogenic cardiomyocyte transplantation for clinical application in the curing ischemic heart disease.
Material and methods
Derivation and culture of neonate rat cardiomyocytes Five neonatal 1-day SD rats were irradiated by ultraviolet for 20 min and immersed in 75% ethanol for 30 s. Then they were sacrificed, and the cavitas thoracis was dissected and the ventricular muscle was taken out. The ventricular muscle was moved into the prechilled incomplete medium (serumfree Dulbecco's Modified Eagle Medium, DMEM, Sigma) and rinsed with incomplete medium for several times. Then the ventricular muscle was minced thoroughly using sharp scissors into small blocks (about 1 mm 3 ) and washed again for several times. These tissues were transferred into a new conical tube with PBS containing 0.25% trypsin and the mixture of 0.1% Hyaluroridase and 0.02% Collagenase Type I. Then the tube with tissues was placed in a water bath at 37
• C for 6 min with shaking for complete digestion. When no obvious massive tissues was observed, these cell suspensions were filtered with 200-mesh and centrifuged at 1200 rpm for 10 min. After removed the supernatant, the cells were resuspended with the complete medium (containing 10% FBS), and transferred into a new flask. After storing for 2 h, the cell suspensions were removed into another new flask. The flask was placed in an incubator calibrated at 37
• C, 5% CO2. The media were changed on the next day and then routinely changed every 2-3 days. The above procedure is modified according to the published literatures (Lu et al. 2006; Maass & Buvoli 2007; Tateishi et al. 2007 ).
Cultured cardiomyocytes labeling
After culturing neonate rat cardiomyocytes on the 2 nd day (2-day) and 7 th day (7-day), respectively, the cells were gathered and stained with sterile 4',6-diamidino-2-phenylindole (DAPI) in the medium with incubation at 37
• C for 1-2 h. The stained cells were rinsed with incomplete medium for 5 times, 2-3 min/time, to remove the un-conjugated DAPI. Then the stained cells were digested with trypsin for 3-5 min, and complete medium was added to neutralize the trypsin. After harvesting the stained cells with centrifuge, the cell pellet was resuspended with complete medium. Then some stained cells were analyzed under invert and fluorescent microscope. The ratio of DAPIpositive cells versus total cell numbers is the labeling rate. At last, the cells concentration were diluted into 1 × 10 7 per ml with fresh complete medium and placed on ice for transplantation in 1 h (Cai et al. 2006 ).
Acute myocardial infarction rabbit models
The use of animals in this study is followed the rules of the Experimental Animal Committee, Xinxiang Medical University. 24 healthy adult New-Zealand white rabbits, 2-3 months old on average, 2.0-2.5 kg (provided by the Experimental Animal Center of Xinxiang Medical University), were divided randomly into 3 groups, two experimental groups and one control group. All used rabbits were anesthetized with ketamine hydrochloride (by i.m. 100 mg) and 2% sodium pentobarbital (by intravenous injection of ear, 1.5 ml/kg). The thoracic cavity of rabbits were dissected along the left sternal border, cut down 3 costal cartilages, opened the pericardium, and exposed ramus descendens anterior arteriae coronariae sinistrae. This arteriae was ligated with a 4.0 stitch and 1-1.5 cm away from its starting point. And then, it could be seen that the color of distant myocardium supplied by this arteriae became dark-red, which indicated that the acute myocardial infarction model making was successful (Leor et al. 2000; Mamalias et al. 2007 ). The cardiac function of the rabbit was detected by electrocardiogram during the whole operation procedure.
Xenogenic cardiomyocytes injection
In 1 h after the acute myocardial infarction model making, xenogenic cardiomyocytes transplantation was carried out. The labeled neonate rat cardiomyocytes suspension through microinjector was injected into the rabbit infarcted myocardium area, totally 3 sites, 50 µl/site. For the experimental group 1 (2-day cultured cardiomyocyte group), the rat cardiomyocytes cultured for 2 days were injected into the rabbit myocardial infarction area. For the experimental group 2 (7-day cultured cardiomyocyte group), the same amount of rat cardiomyocytes cultured for 7 days was injected into the rabbit myocardial infarction area. All transplanted rat cardiomyocytes were labeled by fluorescence dye DAPI. While for the control group, the similar amount of complete media was injected into the rabbit myocardial infarction area.
Myosin immunostaining
Rabbit's myocardium was dissected in 1, 2, 3 and 4 weeks, respectively, after rat cardiomyocytes were transplanted. The myocardium in which cardiomyocytes had been transplanted was collected and cut into consecutive frozen sections, 10 µm thickness. The sections were fixed in 4% PFA for 10 min and washed with PBS for 3 times, 5 min/time, then blocked with blocking reagent for 1 h at room temperature. The mouse anti-human myosin heavy chain monoclonal antibody (Gibco), which is specific marker for cardiomyocytes (Rubart et al. 2003; Wang & Guo 2009) , was diluted into the blocking reagent (1:100). The sections were incubated at 4
• C overnight. On the second day, the sections were rewarmed at room temperature for 30 min, and then washed for 3 times, 5 min/time. After incubation with the secondary antibody Cy3-conjugated anti-mouse (1:100, Beyotime Institute of Biotechnology) at 37
• C for 1 h, the sections were washed with PBS for 3 times and added with 1-2 drops of antifade reagent. Then they were kept in the dark room for 30 min and observed under a fluorescence microscope.
Masson staining was performed to define the pathological changes of infarcted tissues (Wang & Guo 2009 ).
Statistical analysis
All data was listed in a form of X ± s analyzed by SPSS 12.0. In Fig. 4 , the data are shown with the standard error of the mean (SEM; n = 8). The difference at P < 0.05 using t-test is considered as statistically significant.
Results

Morphological characteristics of cultured neonate rat cardiomyocytes
In 4 h culturing, the neonate rat cardiomyocytes started to become adherent to the wall of flask. The cells were round initially and then became fusiform. Single beating cardiomyocyte could be observed. In 24 h culturing, the beating rate was 10 times per minute with regular cardiac rhythm, parapodium of cells began to appear, and the nuclei were comparatively big with abundant cytoplasm. On the 2 nd day for culturing, the beating rate was 18 times per minute with regular cardiac rhythm. On the 7 th day for culturing, the beating rate became 116 times minute with regular cardiac rhythm, pedes spurii of cells were obvious, the nuclei were comparatively clear, and the distinct cardiac cells could be observed under invert microscopy (Fig. 1A) . The labeling rate of DAPI was almost to 100% (Fig. 1B) . The rat cardiomyocytes were recognized by Myosin immunostaining (red color in Figs 1C, D) . 
Assessment of rabbit myocardial infarcted model
In 1 h after the rabbit's anterior descending coronary was blocked, S-T segment elevated, which means that this model is made successfully. Masson staining showed that there is no pathological change in the normal rabbit heart tissue ( Fig. 1E) , but there are a lot of myocardial fibrosis in myocardial infarcted area (Fig. 1F) . The green color indicated collagen fibers and the red color was cardiomyocyte (Figs 1E, F) .
Outcomes of cardiomyocytes transplantation
After transplantation, the interventricular septum and the anterior wall of left ventricle of the control group became thinner. However, there was less change in the experimental group 1 and group 2, which were transplanted with cardiomyocytes. Compared to the control group, the infarcted myocardium is thicker in the experimental group 1 and group 2. The extent of myocardial fibrosis of the experimental groups is less than that of the control group (Figs 1E, F 
; Wang & Guo 2009).
There were aggregated or diffused DAPI-positive cells observed in the infarcted myocardium of the experimental group 1 and group 2 (Figs 2, 3) . The nuclei emit bluish-green fluorescence. However, there were no DAPI-positive cells observed in the control group, which indicated that those bluish-green fluorescent cells in the experimental group 1 and group 2 were the transplanted rat cardiomyocytes, and these DAPI-positive cells were paralleled with host cardiomyocytes. The survival condition of transplanted cells is as follows: in 1 week after transplantation, there were plenty of transplanted cardiomyocytes observed in infarcted myocardiums in the experimental group 1 (Fig. 2A ) and group 2 (Fig. 3A) . In 2, 3 and 4 weeks after transplantation, the number of transplanted cells became gradually reduced, respectively, in the experimental group 1 (Figs 2B, C, Fig. 2 . The transplanted cell survivorship of the 2-day cultured neonate rat cardiomyocytes in the rabbit host myocardium (the experimental group 1 which were transplanted with 2 days cultured neonate rat cardiomyocytes). The transplanted cell nuclei were visualized with DAPI (blue color). A-D -Transplanted rat cardiomyocytes survive 1-4 weeks (w) after transplantation, respectively. All are the merge of blue color (indicated transplanted cell nuclei) and the red color fluorescence (indicated myosin heavy chain which was the specific maker of cardiomyocyte). Although the transplanted cells were detectable in 4 weeks, the number of transplanted cells was decreased gradually from 1-4 weeks after transplantation. Scale 20 µm (Figs A, C, D) . Fig. 3 . The transplanted cell survivorship of the cultured neonate rat cardiomyocytes in the rabbit host myocardium (the experimental group 2 which were transplanted with 7 days cultured neonate rat cardiomyocytes). The transplanted cell nuclei were visualized with DAPI (blue color). A-D -Transplanted rat cardiomyocytes survive in 1-4 weeks (w) after transplantation, respectively. All are the merge of blue color (indicated transplanted cell nuclei) and the red color fluorescence (indicated myosin heavy chain which was the specific maker of cardiomyocyte). Although the number of transplanted cells was decreased gradually from 1-4 weeks after transplantation, a number of transplanted cells were detectable in 4 weeks. Scale 20 µm (Figs A, C-D) . Figs 3B, C, D) . Interestingly, compared to the rabbit cardiomyocytes (red color in Figs 2, 3) , on the 4th week, a number of transplanted cells were still detectable, but there were more DAPI-positive cells surviving in the experimental group 2 (43%; Fig. 3D ) than in the group 1 (28%; Fig. 2D ). After transplantation, some DAPI-positive but myosin-negative cells, which are fibrocytes and fibroblast, could be detected in transplanted infarcted area (Zheng et al. 2008; Teng et al. 2010) . The number of fibrocytes and fibroblast were gradually increased along with time extension after transplantation (Figs 2, 3) .
D) and group 2 (
After transplantation in 1-4 weeks, the transplanted cells were counted under microscope. The statistical outcomes indicated that the survival number of transplanted cells in the experimental group 2 was far larger than in the experimental group 1, and the difference is statistically significant (P < 0.05, Fig. 4) . These results indicate that, after culturing for 7 days in vitro, the survival number of transplanted cardiomyocytes is larger than the other group which was transplanted with cells only cultured for 2 days.
Discussion
After acute myocardial infarction, the massive death of cardiomyocytes is the main cause of cardiac failure (Orlic et al. 2001) . Recently, cardiomyocytes transplantation has become a new method to prevent cardiac failure after myocardial infarction. Experiments about allogenic cardiomyocytes transplantation in curing acute myocardial infarction has demonstrated that transplanted cardiomyocytes can either survive in host myocardium for several weeks or form macula adherens and gap junctions (Schwarz et al. 1998 ). Cardiomyocytes transplanted into infarcted myocardium were differentiated into cardiac muscles on the 4 th week after transplantation, and there were distinct sarcomeres to be observed. These cardiomyocytes formed similar cell junctions with host cardiomyocytes. There were plenty of neo-vessels near these new formed myocardiums and its border (Wang & Guo 2009 ). Leor et al. (2000) transplanted successfully human embryonic cardiomyocytes and mouse embryonic cardiomyocytes into adult mouse myocardial scar area, respectively. They also demonstrated that the transplanted cardiomyocytes were still observed in the infarcted myocardium of host mouse from 14 to 65 days after transplantation. The morphology of these two kinds of cells was similar, and both of them improved cardiac function significantly (Leor et al. 1996) . Such outcomes demonstrated that it is possible to transplant cells among different individuals.
In clinical application of cell transplantation, however, there are various problems, such as the acquisition difficulty of cells and ethical dilemmas. To further study the role and mechanism of xenogenic cardiomyocytes may solve above problems and bring more benefit to clinical application of transplantation in the curing acute myocardial infarction. In the present study, we for the first time transplanted cultured neonate rat cardiomyocytes into adult rabbit acute infarcted myocardium. Our present results manifested that the transplanted cardiomyocytes could survive appropriately in host myocardium for at least 4 weeks af- Fig. 4 . Comparison of the surviving cell numbers between the experimental group 1 (2-day cultured cardiomyocytes group) and the experimental group 2 (7-day cultured cardiomyocytes group) after neonate rat cardiomyocytes were transplanted into the infarcted myocardium of rabbit heart. There were more surviving transplanted cells in the experimental group 2 than in the experimental group 1. The error bars represent means ± n SEM (n = 8), P < 0.05.
ter transplantation. The 7-day cultured cardiomyocytes (group 2) for transplantation could survive better than the 2-day cultured ones (group 1, Fig. 4 ). Our previous studies demonstrated that the vitality of 7-day cultured cardiomyocytes was stronger than that of any other cultured time in vitro (Zheng et al. 2008; Teng et al. 2010 ). The present results provided the foundation for further studying of xenogenic cardiomyocytes transplantation.
To confirm the cells that survived in host myocardium are the cardiomyocytes, we labeled myosin of cardiomyocytes with red fluorescent immunostaining as well as nuclei with DAPI. The used myosin heavy chain antibody can specifically recognize the myosin heavy chain of skeletal muscle and cardiac muscle, but not recognize that of fibroblast. According to above, those cells with blue-green fluorescence in the investigated rabbit heart are transplanted cardiomyocytes rather than fibroblast. Under all kinds of induction of host rabbit microenvironment, the transplanted cells changed their morphology immediately. For example, they became parallel with host cardiomyocytes. All of these results indicated that the transplanted cells have integrated with the host myocardium.
Through anatomy and pathology study, we found that, compared to the control group, the thickness of left ventricle anterior wall and intraventricular septum in the experimental group 1 and group 2 was thinner, and the seriousness of myocardial fibrosis in the experimental groups is better reduced. All of these phenomena mentioned above indicated that the transplanted rat cardiomyocytes could effectively prevent and alleviate myocardium reconstitution. These transplanted cells could sustain and maintain the impaired myocardium and then further improve partially or entirely the contractile function of myocardium.
The survival number of transplanted cardiomyocytes in the experimental group 2, which were transplanted with 7 days cultured cardiomyocytes, was significantly more than that in the experimental group 1, which received transplanted cardiomyocytes cells cultured only for 2 days. After 7-day cultured neonate rat cardiomyocytes were transplanted into rabbit's myocardium, there were much more DAPI-positive cells observed in the infarcted myocardium. This result showed that xenogenic cardiomyocytes with culturing in vitro could survive well in the host myocardium without causing seriously immunological rejection, or only low immunological rejection.
Except for autogenic transplantation, nearly all kinds of cell transplantation (allogenic or xenogenic) will eventually introduce the complication of immunological rejection. Such immunological rejection is mainly introduced by T cells and these cells can react with MHC II on the surface of transplanted cells (Moss & Khanna 1999) . In the present study, at the end of the 4 th week after rat cardiomyocytes were transplanted, there were still a significant amount of transplanted cells to be observed in the host rabbit's heart. Therefore, the immunogenicity of these cells cultured for several days has been reduced. It is possible that, once cells are isolated and cultured in vitro environment without irritation by antibodies existing in the serum of the body, the HLA molecules on the surface of cells will be down-regulated gradually. As a result, while these cells were transplanted into host organs, the function of antigen presentation of these cells was interfered, and then T cells can not be activated, so immunological rejection becomes lower. Matzinger group have demonstrated that antigen will become immunetolerant if antigen appeared without accompanied immune signals (Matzinger 1998; Anderson & Matzinger 2000) . Thereby, these transplanted cells cultured in vitro are easily adapted to their new environment.
Rat cardiomyocytes cultured for several days were transplanted into the rabbit's myocardium without dangerous signals recognized by rabbit's immune system, so these cells can still survive in the host. However, from the outcomes from 1 to 4 weeks after transplantation, we can see that the number of surviving cells reduced gradually (Figs 2, 3) , which indicated that the immunological rejection still exists although it is reduced. It seems necessary to take some additional actions to inhibit rejection and promote cell proliferation. Further studies are planned to explore the molecular mechanisms of immunogenicity down-regulation of transplanted cells cultured in vitro.
